Using HST NICMOS 2 observations we have measured 1.6 µm near infrared nuclear luminosities of 100 3CR radio galaxies with z < 0.3, by modeling and subtracting the extended emission from the host galaxy. We performed a multi-wavelength statistical analysis (including optical and radio data) of the properties of the nuclei following classification of the objects into FR I and FR II, and LIG (low-ionization galaxies), HIG (high-ionization galaxies) and BLO (broad-lined objects) using the radio morphology and optical spectra, respectively. The correlations among near infrared, optical, and radio nuclear luminosity support the idea that the near infrared nuclear emission of FR Is has a non-thermal origin. Despite the difference in radio morphology, the multi-wavelength properties of FR II LIG nuclei are statistically indistinguishable from those of FR Is, an indication of a common structure of the central engine. All BLOs show an unresolved near infrared nucleus and a large near infrared excess with respect to FR II LIGs and FR Is of equal radio core luminosity. This requires the presence of an additional (and dominant) component other than the non-thermal light. Considering the shape of their spectral energy distribution, we ascribe the origin of their near infrared light to hot circumnuclear dust. A near infrared excess is also found in HIGs, but their nuclei are substantially fainter than those of BLO. This result indicates that substantial obscuration along the line-of-sight to the nuclei is still present at 1.6 µm. Nonetheless, HIGs nuclei cannot simply be explained in terms of dust obscuration: a significant contribution from light reflected in a circumnuclear scattering region is needed to account for their multiwavelength properties.
INTRODUCTION
Infrared observations of radio galaxies are a useful tool to explore the physics of their nuclei in the framework of the Unified Models for Active Galactic Nuclei (AGN) as in this band the impact of dust absorption is strongly reduced with respect to the optical. In particular, the study of the infrared nuclear sources allows us to investigate the 'scheme' unifying different classes of AGN, by exploring the properties of their accretion disks and the presence of any absorbing material that can account for the complex AGN taxonomy.
In the "zeroth-order approximation" of the AGN unification scheme for radio-loud sources (e.g. Urry & Padovani 1995) , powerful radio galaxies with FR II edge-brightened morphology (Fanaroff & Riley 1974 ) are believed to be misaligned quasars, while lower power, edge-darkened FR Is are associated with BL Lac objects. However, it is clear that this zeroth order approximation picture based on statistical comparison of the properties of radio-loud AGN is over-simplified. Inconsistencies between the characteristics of the "parent" and "beamed" populations are well reported in the literature: for example, several BL Lacs show broad emission lines (e.g. Vermeulen et al. 1995) ; and there are inconsistent environments (e.g. Zirbel 1997; Owen et al. 1996) and inconsistent radio morphologies (e.g. Antonucci 1986 ) (see also Urry & Padovani 1995 and Chiaberge 2004 for reviews on this subject).
Furthermore, how the large-scale radio properties relate to different nuclear properties is still not clear. In fact, there is mixed evidence for a correlation between the morphological FR I/FR II dichotomy and different levels of nuclear activity Chiaberge et al. 1999; Xu et al. 1999a; Chiaberge et al. 2002a; Verdoes Kleijn et al. 2002) .
Another classification, based on the optical narrow emission lines ratios (Hine & Longair 1979; Laing et al. 1994; Jackson & Rawlings 1997; Buttiglione et al. 2010) introduces two groups of radio-loud AGN: the Low Excitation Galaxies (LEG) and High Excitation Galaxies (HEG) 7 . Radio galaxies with FR I radio morphology almost always belong to LEG class, while nearly all HEGs are FR II radio sources. However, there is a group of FR II LEGs whose place in the unifying scenario is still largely not understood. Wall & Jackson (1997) and Jackson & Wall (1999) proposed that such objects constitute a single population of radio galaxies together with FR Is. In line with this idea, the two spectroscopic classes, LEG and HEG, show significant differences in several properties: star formation (e.g. Smolčić 2009 ), environment (e.g. Chiaberge et al. 2000a; Hardcastle 2004) , triggering mechanism of nuclear activity (gas-rich or gas-poor merger) (e.g. ; there are indications that they differ also in terms of accretion rate and radiative efficiency of disk (e.g. Marchesini et al. 2004; Balmaverde et al. 2008) ; contrarily to what is seen in HEG, LEG do not show evidence for large absorbing column densities in the X-ray spectra (e.g. Hardcastle et al. 2006) , for warm dusty tori in mid-IR images (van der Wolk et al. 2009) , and for broad lines in their optical spectra (e.g. Buttiglione et al. 2010) . Taken together these differences suggest that high and low excitation galaxies belong to different classes of radio-loud nuclear activity which are associated with distinct environmental conditions. Furthermore, it has been suggested that in the framework of the unification model, HEG and LEG might represent the parent population of QSOs and BL Lacs respectively (e.g. Jackson & Wall 1999) .
A number of recent papers in the literature address the topic of the infrared view of the active nucleus of radio galaxies. Dicken et al. (2009) show that the infrared emission at both 24 and 70 micron can be explained in terms of dust heated predominantly by the AGN. More comprehensive mid-IR and far-IR spectrophotometry for the z < 1 3CR objects has been obtained from ISO Haas et al. 2004 ) as well as from Spitzer (e.g., Shi et al. 2005; Haas et al. 2005; Ogle et al. 2006; Cleary et al. 2007 ; Leipski et al. 2009 ). For high-redshift 3CR sources near infrared spectrophotometry using Spitzer has been presented by Haas et al. (2008) and Netzer et al. (2004) .
The mid-infrared observations are sensitive to thermal emission from warm dust and have revealed rather complex properties within the different radio-galaxy classifications. The majority of FRIs are faint at those wavelengths, implying that the bulk kinetic power of the radio jets is the energetically dominant mechanism in most of these sources (Whysong & Antonucci 2004) . Even in FR Is this is not a universal conclusion as Haas et al. (2004) with ISO data and Leipski et al. (2009) with Spitzer data show that in some FR Is a dust emission bump is detected. On the other hand, Ogle et al. (2006) found that about 50% of the FR II narrow-line radio galaxies have mid-infrared photometric and spectroscopic properties comparable to quasars of matched radio luminosity, while there is a subsample of mid-IR weak FR II radio galaxies which may constitute a separate population of non-thermal, jet-dominated sources with low accretion power. Haas et al. (2004) present evidence that the MIR data do in fact support the orientation-dependent unification scheme of the powerful FR II galaxies with quasars. This has been subsequently confirmed by further work, e.g. Haas This paper has the aim of investigating AGN activity by focusing on the nuclear 1.6 µm near infrared emission, identifying its physical origin and relating it to both the radio morphological and optical spectroscopic classes. Chiaberge et al. (1999 Chiaberge et al. ( , 2002a studied the HST optical images of the nuclear regions of radio galaxies belonging to 3CR sample with the same purpose. The NIR snapshot survey of 3CR objects with z < 0.3 provided us with a larger coverage of the sample than that in the optical band. Furthermore, the fraction of 3CR sources with spectroscopic classification is now substantially larger (Buttiglione et al. 2010) , allowing us to explore in greater detail the behavior of the nuclei of each class.
The resolution of HST images is suitable for this purpose and allow us to distinguish the NIR emission of stellar host galaxy background from the genuine AGN radiation.
The structure of the paper is as follows. In Sect. 2 we describe the sample and in Sect. 3 we derive the surface brightness profiles which we fit with either Sérsic or coreSérsic models. The multiwavelength properties of our sample are discussed in Sect. 4 in order to identify the origin of the NIR nuclear emission tackled in Sect. 5. In Sect. 6 we summarize and draw conclusions. In Appendix we compare the FR I radio core flux observed with VLA and VLBI.
We adopt a Hubble constant of H 0 = 75 km s
Mpc −1 and q 0 = 0.5. We used this cosmology in order to be in accordance with the similar results obtained by Chiaberge et al. (1999) , Chiaberge et al. (2000a) , Chiaberge et al. (2002a) . Assuming a different cosmology would not affect our results since the redshift of the sources considered in this paper is limited to z = 0.3.
SAMPLE AND HST OBSERVATIONS
The sample of galaxies we analyzed belongs to the Revised Third Cambridge Catalog 3CR (Bennett 1962b , Bennett 1962a , Spinrad et al. 1985 . Since it is selected based on the low-frequency radio flux (S 178MHz > 10 Jy), the sample is essentially free from orientation bias. We chose all 116 3CR sources with z < 0.3 with the primary goal of characterizing the radio galaxy hosts mostly free from the effects of dust. One hundred objects were observed as part of HST/NICMOS 3CR snapshot program GO 10173 (PI: Sparks). The NIR images are published in Madrid et al. (2006) and Floyd et al. (2008) . Only eleven galaxies were observed as a part of other programs and details of these are given in Table 1 . We also included in the sample the FR I radio galaxy NGC 6251 because, as pointed out by Waggett et al. (1977) it should be included in 3CR catalog.
All of the objects of our sample were observed with HST NICMOS Camera 2 (NIC2), which has a field of view of 19.
′′ 2 × 19. ′′ 2 and a projected pixel size of 0.075 ′′ , using the F160W filter (similar to H band), which is centered at 1.60 µm, covering a wavelength range from 1.4 to 1.8 µm and which includes the Paβ line for objects with z > 0.1. Using the broad and narrow line Hα fluxes measured for 3CR galaxies (Buttiglione et al. 2009 ) over a 2 ′′ × 2 ′′ aperture, we have estimate the contamination from line emission in the H band. In the case of the narrow lines we assumed ratio Paβ/Hα = 0.06 from atomic physics (Osterbrock 1989) . Since the broad line galax- 1997 -11-20 127.9 3C 293 1998 -08-19 2751 .8 3C 305 1998 -07-19 2783 .8 3C 317 1998 -08-26 639.8 3C 338 1997 -12-18 4159.8 3C 405 1997 -12-16 1343 .9 NGC 6251 1998 543.5 Note. -Log of observations for the objects not included in the HST 1.6 µm near infrared snapshot program 10173 (PI: Sparks) (Madrid et al. 2006; Floyd et al. 2008) . All data are taken with the same configuration with Camera NIC2 and F160W filter.
ies are know not to conform to case B we have used the observed near infrared broad line region ratios observed in type 1 AGN by Riffel et al. (2006) and Landt et al. (2008) to estimate the contamination in the F160W filter. This analysis shows the contamination to be 15% for Broad Line Objects and 4% for Narrow Line Objects and in both cases that is small enough not to affect our conclusions regarding the origin of the nuclear NIR emission.
Due to technical difficulties, 3C 410 and 3C 442 were only observed for 575.9 s, while all the remaining galaxies were observed for a total exposure time of 1151.8 s. A detailed description of the observations and data reduction can be found in Madrid et al. (2006) .
Each galaxy was classified in two ways. Firstly, into FR I and FR II based on radio morphology (Fanaroff & Riley 1974) : the radio morphological classification, mostly being adopted from . Secondly, based on the optical broad line strengths and narrow emission lines ratios (from Buttiglione et al. 2009 Buttiglione et al. , 2010 we classified them into the stand groupings of High and Low Ionization Galaxies (HIG and LIG) and Broad Line Objects (BLO). Note that the BLO objects belong to HIG class because they show high-ionization narrow emission lines. We adopt the HIG/LIG nomenclature to better represent the physical condition of the narrow line region gas in these objects. This classification is however entirely consistent with the HEG/LEG scheme widely adopted in the literature (e.g., Hine & Longair 1979; Laing et al. 1994; Buttiglione et al. 2010) . Following Buttiglione et al. (2010) we introduced a 4th class of Extremely-Low Excitation Galaxies (ELEG), characterized by an extremely low value of [O III]/Hβ ∼ 0.5, ∼6 times lower than usually observed in 3CR/LIG. In this work we consider ELEGs as a separate class of objects. The objects for which we do not have new spectral data are classified according to Jackson & Rawlings (1997) . In the sample there is also one galaxy, 3C 198, characterized by a star forming spectrum (marked as "SF" in Table 2 ) and a BL Lac object (3C 371) which are not considered in the following statistical evaluations because of their unique properties among the objects of our sample. For one galaxy (3C 410) we could not find any reliable spectral classification in the literature.
RADIAL BRIGHTNESS PROFILE FITTING AND NUCLEAR LUMINOSITY MEASURING
The aim of this paper is to measure the NIR nuclear sources. In order to disentangle such a component from the underlying stellar emission of the host galaxy, it is necessary to model the distribution of the galactic light. To this purpose we derived the surface brightness profile of all our sources. Radial profiles can be derived using a number of different methods: ellipse fitting to the isophotes of the galaxies (e.g., Heraudeau & Simien 1996) obtaining a onedimensional analysis (e.g., Baggett et al. 1998) , and full two-dimensional analysis (e.g., Byun & Freeman 1995; Peng et al. 2002) . In this paper, we adopted the first approach.
The "ellipse" task in IRAF STSDAS (Jedrzejewski 1987 ) is suitable to analyzing the axisymmetric structure, evident in most objects. This task allows us to trace the radial profile and radial changes in ellipticity, position angle, and coordinates of the center of the isophotes.
Most of the host galaxies of 3CR sources appear as smooth ellipticals in infrared. Only in few cases are distortions due to dust lanes, jets, or plumes. Before deriving the galaxy profile, we mask out all spurious objects such as stars, jets, dust lanes, bright, galaxy companions and residual diffraction patterns associated with bright stars. When dust features are present in the nuclear region we adopted a multi-stage strategy. To stabilize the fit in the radial range affected by the dust we started by fixing some or all fit-parameters to the values of the last isophote that is not affected by the dust. We then produce an initial model image and we subtracted it from the original data to unveil the presence of further faint sources and/or dust features, that were then also masked out and so on until no further feature were found.
In Fig. 1 we show the stages of the procedure to derive and to fit the radial brightness profile.
Profile fitting
The surface brightness profile can be fitted using a variety of functions. We used two different models, Sérsic and core-Sérsic. The former (Sersic 1968 ) is a law of the form:
where β is the concentration parameter and β = 1/n, the inverse of the Sérsic index n. I e is the intensity at the effective radius r e . For a Sérsic model with 0.5 n 10, b n ≈ 1.9992n -0.3271 (e.g., Capaccioli 1989; Caon et al. 1994; Graham & Driver 2005) .
The latter is composed of an outer Sérsic model and a inner power-law profile, suitable to describe the innermost part of the profile when the object shows a deficit toward the center with respect to the Sérsic law. Trujillo et al. (2004) argued that it is convenient to restrict the core-Sérsic model to an infinitely sharp transition between the Sérsic and power-law profiles at the break radius r b , assuming this form: where r b separates the inner power law of logarithmic slope γ from the outer part of the profile described by a Sérsic model. θ(r b -r) is the Heaviside step function.
We fit the brightness profiles with both models by minimizing the residuals, leaving free to vary the 5 (or 7) variables: the background level, the three parameters describing the Sérsic (or five for core-Sérsic) model and the nuclear component. Fig. 2 illustrates four examples of fits to the NIR brightness profiles. In Sect. 3.2 we describe the method used to select the appropriate law for each galaxy.
To take into account the PSF effects, we convolved the models prior to the comparison with the data Capetti & Balmaverde (2005) . The PSF of NICMOS-NIC2 at the center of the chip was derived using the TINYTIM program written by J. Krist. The PSF image was then convolved with a model galaxy with a power law profile, which represents the innermost region of a Sérsic/core-Sérsic model. This was done for a set of galaxy models with different profile slopes γ ′ , all of them having zero ellipticity. We then derived the radial profile of the convolved model galaxies using circular isophotes, and we calculated the intensity ratio between the convolved model galaxy and the original model galaxy for different radii. With this method we obtained a set of radial ratios for different values of the innermost slope that can be applied to the models to "simulate" the twodimensional convolution.
The appropriate value of γ ′ was measured as part of the fitting procedure. In the case of a Sérsic model, γ ′ is the value of the logarithmic slope of the profile at 0.
′′ 1, which approximately corresponds to the resolution of NICMOS-NIC2. In the core-Sérsic model, γ ′ is the logarithmic slope of the inner power-law profile. Donzelli et al. (2007) already performed the fitting of the radial brightness profiles of 3CR sample with Sérsic 3C017 3C017 3C123 3C129 3C296
6.8" 6.8" 10" 10" 10" Fig. 2 .-This figure shows four explicative fitting methods used. In the upper parts we report the NICMOS images of the 4 radio-galaxies. In the lower part each panel represents the modeling of the surface brightness profile with a Sérsic or a core-Sérsic. The description of lines are as in Fig. 1 . We mark the position of the effective radius with a black vertical dot-dashed line and, for a core-Sérsic model, the break radius with a dashed vertical line. More in details we report four examples: in the upper left panel 3C 17 was fitted with a Sérsic model; in the upper right panel 3C 123 with a core-Sérsic model to obtain an upper-limit to its nuclear luminosity; in the lower left panel 3C 129 with a Sérsic model in the case of an weak nuclear source; and in the lower right panel 3C 296 with a core-Sérsic with a weak nuclear point source. In this last panel the nuclear source plotted in black dashed line is amplified of a factor 10 for a better visualization. In the plots of 3C 129 and 3C 296 the green horizontal line of the background level is absent because it is below the range of intensity shown.
law, focusing on their large scale behavior, thus not including the central region of the galaxies. For the objects in which Donzelli et al. (2007) found a disk-like component in the galaxy profile, we exclude from the fit the regions dominated by the disk. The parameter values found are mostly consistent with those of Donzelli et al. (2007) for the objects in which the nuclear component is not dominant with respect to the galaxy stellar emission. The resulting models produce residuals in the form of large scale fluctuations with a typical amplitude of < 5%, indicative of the goodness of the fit.
Besides the parameters describing the host galaxy profile, the fitting procedure also yields the flux of the nuclear source.
To assess the reliability of the detection of a nuclear source we adopt the following operative approach. We extract the radial brightness profile using the IRAF "radprof" task and measure the nuclear FWHM, setting the background level at the intensity measured just beyond the nuclear point source at a radius of ∼0.3
′′ . If the FWHM is consistent with that of the PSF (∼ 0.14 arcsec), we took this as an indication of the presence of an unresolved source. Alternatively, if there was no evidence for a nuclear point source, we proceed to fit the profile with a core-Sérsic model leaving all parameters free to vary, but fixing γ = 0. This corresponds to the most conservative choice for γ as it minimizes the galaxy contribution and maximizes the nuclear source. We con-sider the nuclear flux thus derived as the upper limit to the intensity of the central source.
Sérsic or core-Sérsic?
The choice between Sérsic and core-Sérsic model for a given galaxy is related to the corresponding minimized χ 2 value obtained after the fitting procedure. Since the core-Sérsic model includes more free parameters, the best core-Sérsic model usually will reproduce better the galaxy profile than the Sérsic model. Therefore, to determine the goodness of the fit, we use the "reduced" χ 2 (χ 2 r ) = χ 2 /(n − p), where n is the number of fitted data points and p is the number of fitted parameters, which can be either 3 or 5 for Sérsic or core-Sérsic models, respectively). We consider the best model that corresponds to the χ 2 r closest to the unity. Qualitatively, the choice can be justified by the form of the residuals. In fact, when fitting a core-Sérsic galaxy with a pure Sérsic model, the residuals in the central region show the characteristic Sshape, already discussed by Trujillo et al. (2004) .
Nevertheless, since our objects are at distances of up to z = 0.3, we can misclassify a genuine core galaxy as a pure Sérsic due to an insufficient physical resolution of the image. The typical core size of an elliptical galaxy is ∼200 pc (e.g. Capetti & Balmaverde 2005; Faber et al. 1997; Ferrarese et al. 2006 ) which corresponds to 0.
′′ 14 at z = 0.15. Considering the objects at z > 0.15 with detected nuclei (excluding the BLOs, for which the nucleus outshines the host galaxy emission in the central region), for which there is ambiguity on the presence of a core, the typical discrepancy between the estimates of the nuclear luminosity obtained adopting either a Sérsic law or a core-Sérsic model is ∼ 30 %, and at most a factor of 2. The sources potentially involved in this ambiguity are only ∼15% of the sample and thus they do not alter the main results of this paper.
The presence of a bright point source may also limit our ability to see a possible shallow core and to discriminate between Sérsic and core-Sérsic models. However, in those cases (e.g. in the case of the BLOs, Fig.3 ), the difference between the nuclear fluxes obtained adopting the two different models is irrelevant, being smaller than ∼ 2%, thus well below the typical photometric error.
RESULTS

Detection of nuclei
In Table 2 we report the 1.6 µm NIR nuclear fluxes and luminosities for the sample measured with the procedure explained in Sect. 3. We also give the optical (R band), radio (nuclear at 5 GHz and large scale at 178 MHz) fluxes, and [O III] emission line luminosities for all the objects of the sample.
Here we examine the detection rate of the NIR central sources (Table 3) , considering each radio-morphological and optical-spectral class separately. Overall, we detect nuclei in 64%±5% of the entire 3CR sample. We detect nuclei in 81%±8% and 58%±6% of the FR Is and FR IIs, respectively. Among the FR IIs, all of the BLOs have an unresolved nuclear point source, while the detection rate of nuclei in LIGs and HIGs is 44%±10% and 54%±9%, respectively. The only one BL Lac included in the sample has a bright nuclear source. The nucleus of 3C 410, the only spectroscopically unclassified FR II, . The lines below represent the two models used, which include the PSF-convolved galaxy model, the nuclear source and the background (the green solid and the red dot-dashed lines correspond to the Sérsic and core-Sérsic, respectively). In the lower panel we show the difference between the Sérsic-law and core-Sérsic models.
is detected, while neither the ELEGs nor the star forming galaxy 3C 198 have an NIR nucleus. The different detection rates in the FR Is and FR IIs are not a consequence of the redshift distribution of the 3CR catalog. All FR II sources (HIG, LIG, and BLO) in our sample share a similar median redshift, and only the FR Is have a lower median z, because of their lower total power.
Due to the presence of upper limits, we use the KaplanMeier product-limit estimator (Kaplan & Meier 1958) , which provides the mean value for a distribution with censored data, where the censoring is random, to measure the average value of NIR nuclear luminosities of each class (reported in Table 3 ). The BLOs have, on average, the brightest near infrared nuclear sources in the sample in luminosity (<L IR > = 1.6×10
29 erg s −1 Hz −1 ). The FR I nuclei are on average the faintest (<L IR > = 4.0×10 26 erg s −1 Hz −1 ). FR II LIGs and HIGs share a similar range of NIR luminosity and appear to bridge the gap between BLOs and FR Is. Undetected NIR nuclei are present for F IR < 10 −27 erg cm
28 erg s −1 Hz −1 . However about one half of the detected nuclei have fluxes and luminosities below these values.
Nuclei in the optical-infrared planes
It is instructive to compare the NIR properties with those of the optical nuclei. In Fig. 4 , left panel, we plot F o -F IR and L o -L IR for all objects in the sample. Not surprisingly, because of the relative proximity of the two bands, most of the points occupy a narrow strip parallel to the bisectrix of the planes. However, we have to be cautious in taking this plot at face value as it is sensitive to the presence of nuclear absorption and also to nuclear variability, since infrared and optical data were not obtained simultaneously.
The FR I galaxies (empty yellow circles) cover the whole range in optical and NIR fluxes (∼5 dex). The FR II LIGs (filled blue circles) are clustered in small optical and NIR flux range (∼2 dex) in the lower-left slide of the plane. The HIGs (filled green squares ) are also clustered, but with a slight tail towards higher flux, covering a wider range in both bands (∼3 dex) with respect we mark as FR I all radio galaxies with FR I-like radio morphology and LIG-like optical spectrum, as LIG all radio galaxies with FR II-like radio morphology and LIG-like optical spectrum, as HIG (BLO) all radio galaxies with FR II-like radio morphology and HIG-like optical spectrum with the absence (presence) of broad emission lines. References (Col. 4): B09 Buttiglione et al. (2010) , J97 Jackson & Rawlings (1997) , H98a Hardcastle (1998), Z95 from , S91 Spencer et al. (1991) , O75 Osterbrock & Miller (1975) O75 Osterbrock & Miller (1975) , S81 Shuder & Osterbrock (1981) , L96 Lawrence et al. (1996) , R89 Rawlings et al. (1989) . Col.(13): type of model used to fit the NIR surface brightness profile. to FR II LIGs. The BLOs (filled red triangles) show the highest optical and NIR fluxes of the sample.
In the L O -L IR plane (Fig. 4 , middle panel) we find that FRIs exhibit the lowest luminosities. FR II LIGs and HIGs are present at increasing optical and NIR luminosities. Finally, the BLOs are by far the most powerful objects.
To highlight the presence of outliers in the L O -L IR plane, in Fig. 4 (right panel) we show the ratio between NIR and optical nuclear luminosities plotted vs. the NIR nuclear luminosity. Most objects lie within ∼0.5 dex of the dashed line representing νL IR /νL o = 1. Note that most of the nuclei that are found above this line (i.e. showing an NIR excess with respect to the optical emission) belong to the HIG class. We discuss the origin of this behavior of the HIGs in more detail in Sect. 5.4.
Nuclei in the radio-infrared planes
In order to investigate the origin of the NIR nuclei, we now explore possible correlations between the properties of the infrared nuclear emission and those of the radio cores. Fig. 5 , left panel, shows the IR nuclear flux F IR plotted vs. the radio core flux F r . The FR Is (empty yellow circles) cover the whole range of flux spanned by the sample, both in the radio and in the NIR. HIGs (filled green squares) and FR II LIGs (filled blue circles) are clustered in the central region of the plane. The BLOs (filled red triangles) are located in the top-right quadrant, at higher radio and NIR fluxes. A similar distribution of the points is evident in the plane defined by the radio and the NIR core luminosities (Fig. 5, right  panel) . However in the L r -L IR plane the distributions are stretched because of the common dependence of the two quantities on distance. The FR I galaxies have radio core luminosities that are on average lower than those of FR IIs. This is expected because the Fanaroff-Riley morphological radio classification in FR I and FR II corresponds to different total luminosities at 178 MHz, and a positive trend links total and core radio luminosity (Giovannini et al. 1988) .
A clear trend is visible for FR Is both in the F r -F IR and L r -L IR planes (Fig. 5) . FR II LIGs nuclei also show a trend in both planes, even if they cover a smaller range in radio core flux (2 dex for the NIR detected nuclei) with respect to FR Is. Conversely, there is no evident link between radio and NIR emission for HIGs and BLOs. In order to assess the presence of correlations, we performed a statistical analysis using the Astronomy Survival Analysis (ASURV) package (Lavalley et al. 1992 ). This package is available under IRAF/STSDAS and provides us a tool to deal with censored data (Feigelson & Nelson 1985 , Isobe et al. 1986 . Note that the method we use is based on the assumption that the censored data are uniformly distributed. In order to determine whether this approach is viable, we apply the censoring analysis only when the above assumption is satisfied. We initially check the location of the nondetected data points with respect to the entire range of available data.
We used the "schmittbin" task (Schmitt 1985) to calculate the associated linear regression coefficients for two set of variables. Operatively, we carried out this procedure twice, obtaining two linear regressions: firstly considering the former quantity as the independent variable and the latter as the dependent one, secondly switching the roles of the variables. The best fit is represented by the bisector of these two regression lines. This followed the suggestion of Isobe et al. (1990) that consider such a method preferable for problems that require a symmetrical treatment of the two variables. In order to estimate the quality of the linear regression, for small data sets (N < 30) we also derived the generalized Kendall's τ (Kendall 1983 ) between the two variables, using the "bhkmethod" task. Otherwise, we used Spearman's rank order correlation coefficient, using the "spearman" task (Akritas 1989) only for large data sets (N > 30, for the cases of HIGs and the whole sample). The statistical parameters of all the linear regressions are reported in Table 4 .
The trend shown by FR Is (Fig. 5 , empty yellow circle points) in the F r -F IR plane corresponds to a linear correlation coefficient 8 of r = 0.79. The probability to obtain this level of correlation from two independent variables is P = 2.2×10 −5 . The statistical parameters are even better in the radio-infrared luminosity plane, where the linear correlation coefficient is r = 0.85, with an associated probability P = 8.9×10
−7 . The dispersions of these correlations are ∼0.51 and ∼0.48 dex, for fluxes and luminosities, respectively. The generalized Kendall's τ coefficient, which allows us to include censored data, is higher for the luminosities (τ = 1.18) than that for the fluxes (τ = 1.00). The associated probabilities of no correlation, are 0.0002 and <0.0001, respectively. Note that the slopes of both linear regressions are consistent with unity.
We now turn our attention to the possible presence of correlations for FR II galaxies. FR II LIGs show a linear correlation in both planes of Fig. 5 . Considering only the detected nuclei, the linear correlation coefficient is . In these plots the empty yellow circles represent the FR Is, the filled blue circles the FR II LIGs, the filled green squares the HIGs and the filled red triangles the BLOs, the purple asterisks the ELEGs, the empty black triangle the BL Lac (3C 371), and the filled pink reversed triangle the SFG (3C 198). The solid or dashed lines present in these plots are the line representing the unity of the ratio νL IR /νLo. In the right-panel plot, although the same factor L IR appears in both axes, its aim is not to find a relation or a trend, but to better point out the outliers in log(L IR /Lo). r = 0.89 in the F r -F IR plane, with a probability of a no correlation of P = 1.0×10 −4 . The censoring statistics gives a generalized Kendall's coefficient τ = 0.77 with a probability, P = 0.0012, that a fortuitous correlation appears at a level measured by our test statistic. In L r -L IR plane for FR II LIGs a linear relation (dotted line in Fig. 5, right panel) is also statistically supported: the linear correlation coefficient is r = 0.93 (P = 1.1×10 −5 ). The radio-infrared core luminosity relation for FR II LIGs has a slope of 0.9±0.3.
Therefore, an important result of our analysis is that the correlations found for FR Is and FR II LIGs nuclei are consistent with each other within the errors. This result is shown in Fig. 6 where for more clarity we have marked these two classes with different symbols.
For HIGs and BLOs the absence of a trend is confirmed by the results of the statistical analysis and in particular by the high probabilities that their distribution in the L r -L IR plane is random (see the statistical parameters in Tab. 4).
Spectral indices
In order to derive the multi-wavelength properties of the nuclei, it is useful to analyze the broad-band radioinfrared spectral index α r−IR . In Fig. 7 we show the empirical distribution in α r−IR for the four different classes (FR I, FR II LIG, HIG and BLO). Note that the average value of the radio-IR spectral index distributions shifts towards lower values from FR II LIGs to the BLOs, with FRIs and HIGs having intermediate values. This indicates that with respect to the IR flux, the FR II LIGs are the most radio-powerful objects. Another intriguing aspect worth noting is that even though FR II LIGs and FR Is behave similarly in the radio-IR plane, as they define the same correlations, their distribution of α r−IR are slightly different. In fact, FR II LIGs have on average a slightly higher α r−IR than the FR I galaxies. On the other hand, HIGs and BLOs show an near infrared excess with respect to the radio emission and therefore their α r−IR spectral indices are on average lower than for the other two classes.
To assess the presence of any significant differences between the spectral index distribution of the different classes, we can make use of the 'twosampt' task, available in the ASURV package. The task computes several nonparametric two-sample tests, giving a variety of ways to test whether two censored samples are drawn from the same parent population. We utilize the Peto-Prentice statistic (Peto & Peto 1972) , which is a generalization of standard test for uncensored data, such as the Wilcoxon (Wilcoxon 1945) and Kolmogorov-Smirnov (Chakravarti & Roy 1967) test. This statistical test quantifies a distance between the empirical distribution functions of two samples. The null distribution of this statistic is calculated under the null hypothesis that the samples are drawn from the same distribution.
We statistically measure the different distributions of spectral indices between FR Is and FR II LIGs and between HIGs and BLOs. We can assert that FR Is and FR II LIGs are not drawn from the same parent population at the 97% confidence level. The same holds for the HIG and BLO classes at the 99% confidence level. Chiaberge et al. (1999) measured the optical nuclear fluxes for most FR I radio galaxies in the 3CR catalog. The optical detection rate is similar to that found for the FR Is of our sample. For the sub-sample of objects for which the total radio luminosity at 178 MHz is lower than the FR I/FR II break (corresponding to L 178 MHz ∼ 2×10 33 erg s −1 Hz −1 ), they found a tight linear correlation between the optical and radio nuclear fluxes with a dispersion of ∼0.4 dex. In order to compare the radioinfrared and radio-optical correlations we selected the 15 FR Is in common with the sample of Chiaberge et al. (1999) (namely 3C 29, 3C 31, 3C 66B, 3C 83.1, 3C 84, 3C 264, 3C 270, 3C 272.1, 3C 274, 3C 296, 3C 317, 3C 338, 3C 442, 3C 449, and 3C 465) 9 . We estimate the linear regression between radio and near infrared fluxes . In these plots the empty yellow circles represent the FR Is, the filled blue circles the FR II LIGs, the filled green squares the HIGs and the filled red triangles the BLOs, the purple asterisks the ELEGs, the empty black triangle the BL Lac (3C 371), the filled pink reversed triangle the SFG (3C 198), and the filled red diamond is the undefined object (3C 410). The solid line represents the linear correlation found for FR Is and FR II LIGs. for this sub-sample: the correlation coefficient is r = 0.82 (P = 2.2×10 −4 ) and the dispersion is ∼0.49 dex. We tested that the dispersions of the two relations, F r -F IR and F r -F o , are not statistically different at a significance level of 95%.
Comparison with FR Is' radio-optical correlation
DISCUSSION
In the following we consider the properties of each group of 3CR radio galaxies separately.
FR I galaxies
The presence of a linear correlation between FR I radio and NIR cores, both in flux and luminosity, argues for a real physical connection between the two variables. This is indeed not the result of a common dependence on redshift of the two quantities, as shown by the fact that the statistical parameters of both correlations are similar. Following Chiaberge et al. (1999) , that interpreted the optical-radio core correlation as the indication that synchrotron emission dominates the nuclear emission at both wavelengths, we argue that the correlations between the radio and the NIR nuclei described here can be explained by the same physical mechanism. More precisely, the presence of such a tight correlation between the NIR and radio cores indicates that non thermal (synchrotron) radiation dominates their emission at all considered wavelengths, including the X-ray as shown by Balmaverde et al. (2006) . Capetti et al. (2007) found that the optical HST nuclei of 9 3CR/FR I, which also belongs to our sample, are highly polarized. This strengthens the synchrotron origin of their nuclear emission.
The correlations among NIR, VLA and VLBI cores and the fact that the fluxes of the VLA and VLBI cores (see Appendix) are essentially equal suggest that the NIR cores are typically produced on scales consistent with or even smaller than the size of the VLBI cores. In fact, according to various jet models (e.g., Ghisellini et al. 1985) , it is likely that the radio and the IR/Optical radiation is produced in the innermost region of the jet, close to the black hole ( 10 16 cm), while the radio is emitted on larger scales.
The dominance of synchrotron radiation even in the NIR indirectly confirms that accretion in most FR I nuclei occurs at low rates and/or with low radiative ef- Note. -Column description: (1) relation studied; (2) class of radio-galaxies considered for the relation; (3) number of detected nuclei included in the relation considering both the quantities; (4) number of censored nuclei included in the relation considering both the quantities; (5) r d linear correlation coefficient for the relation obtained only with the detected data; (6) Pr d probability associated with r d that the correlation is not present; (7) < 30) , considering all the data; (10) Pρ (or Pτ ) probability associated with ρ (or τ ) that the correlation is not present; (11) rmsx, rms on x-axis for the relation obtained only with the detected data; (12) rmsy, rms on y-axis for the relation obtained only with the detected data; (13)- (14) slope coefficient m and intercept coefficient q for the linear regression (y = m*x + q) obtained considering all the data. In the rows marked with a the considered sample is composed of the FR I objects with L 178M Hz < 2×10 26 W Hz −1 shared with sample studied by Chiaberge et al. (1999) . In the rows marked with b the considered sample is composed of the FR Is whose the VLBI radio core measurement is available. With LIG we consider FR II LIG.
ficiency (e.g., Baum et al. 1995 , Chiaberge et al. 1999 , Allen et al. 2006 , Balmaverde et al. 2008 . However, there are exceptions to this result: the clearest example is possibly 3C 120 (a radio galaxy which is formally not part of 3CR sample) which displays a radio morphology typical of FR Is (e.g. Walker et al. 2001 ) while its nuclear emission shows the clear signature of broad lines and radiatively efficient accretion (Phillips & Osterbrock 1975) . On the other hand, exceptions are also present among BL Lacs, the putative "beamed" counterpart of LIG population. A number of BL Lacs also show (faint) narrow and/or broad emission lines (e.g. Vermeulen et al. 1995) and others have FR II-like extended radio emission (e.g. Antonucci 1986; Kharb et al. 2010) . Chiaberge et al. (1999) pointed out that the dispersion of the radio-optical correlation (∼ 0.4 dex) is consistent with dust absorption, provided that the A V is randomly distributed among the sources and does not exceed ∼ 2 mag. Since the extinction in H-band is 4.5 times lower than in the optical R-band, the observations presented in this work are far less sensitive to the presence of dust along the line of sight than those in Chiaberge et al. (1999) . Therefore, one would expect the dispersion of the infrared-radio correlation to be smaller than that of the radio-optical, if that is due to absorption. Our results instead show that the rms of the two correlations are similar. Thus, the most likely explanation for the scatter is that variability of the nuclei plays a fundamental role, while the effect of absorption is less significant. Indeed, this is supported by the variability observed for the nuclear flux of 3C 317 (Chiaberge et al. 2002b ) and of 3C 274 (Tsvetanov et al. 1998 , Perlman et al. 2003 . Conversely, the presence of dust appears to play a role in dimming the nuclear flux on the UV (Chiaberge et al. 2002b) . Note that data in the literature indicate that the radio core variability is typically at 10% over a time scale of several years (Hine & Scheuer 1980; Ekers et al. 1983) . Therefore the main source of the scatter in the radio-NIR correlation is mostly likely due to a variable NIR nuclear component.
Furthermore, the region of the jet base that produces the optical/NIR emission in FR Is is likely to be mildly relativistic (e.g., Chiaberge et al. 1999; Xu et al. 1999b) . Therefore, we consider the effects of Doppler boosting on our results. Firstly, the range in NIR nuclear luminosity might be enhanced by relativistic beaming, which would boost (or de-boost) the emission of FR I nuclei, depending on the viewing angle. Objects seen under a small angle between the line-of-sight and the jet axis would appear boosted, while objects observed closer to the plane of the sky would be de-boosted. Secondly, nuclear variability might be enhanced by relativistic beaming when the flux variation is associated with 1) a change in the jet bulk Lorentz factor, or 2) a change in the jet direction, which would result in a different angle between the jet direction and the line-of-sight.
However, as noted by Chiaberge et al. (1999) , the bulk Lorentz factor of the component responsible for the nuclear optical/NIR emission is most likely around Γ ∼ 2 and the source is possibly a "slower" shear layer in the jet. Therefore, the effects of relativistic beaming should not dramatically affect our results.
Are the NIR data telling us something new about the presence of optically and geometrically thick obscuring tori in FR Is with respect to the optical observations? The results derived considering the UV, optical, and NIR bands are only apparently in contradiction. In fact, the median absorption toward FR I nuclei derived from UV observations is A V ∼ 1.3. This corresponds to only 0.2 mag in H band, negligible with respect to a dispersion of ∼0.5 dex, and to ∼ 3 mag at 2500Å. The detection rate of FR I nuclei in the NIR (81%) is similar to that found in the R band by Chiaberge et al. (1999) . All sources with an optical nucleus also show a NIR counterpart, except 3C 310. Instead, in 3C 75N a faint dust lane prevents the study of its nuclear regions in the optical, while its NIR core is clearly detected. Furthermore, the absence of FR I outliers in the L IR /L O ratio (see right panel of Fig. 4) can be interpreted as a hint that the detected FR I nuclei are not affected by significant absorption (A V 2 mag). The reason for the non-detection of some of the FR I NIR nuclei might instead be due to a small contrast between the nucleus and the host galaxy stellar emission. Assuming that the radio and the near infrared emission of FR I nuclei are intrinsically tightly correlated, the intensity of their radio cores provides a robust prediction of their infrared nuclear flux. Following the analysis on the B2 radio-galaxies by Capetti et al. (2002) , we plot the radio core fluxes of all FR Is against the galaxies central surface brightness (Fig. 8) . Four out of the five undetected nuclei are indeed among those with the lowest predicted contrast against the galaxy emission. 3C 310 is the only object that does not have an NIR detected nucleus and apparently shows an rather larger contrast with galaxy emission than that of the other four non-detected nuclei. However, since its optical nucleus is detected, its NIR non-detection is likely not due to a obscuration.
Summarizing, we argue that in most cases we have a direct view of FR I nuclei and that the few undetected NIR central sources are below the detection threshold set by the contrast with the underlying host galaxy emission. Note that the detection of massive dusty structures in the central regions of some FR Is (e.g. Okuda et al. 2005 , Das et al. 2005 does not contrast with our result that the NIR nuclei are mostly unobscured. In fact dust is distributed in large kpc-scale geometrically thin disks which do not appear to 'hide' the nuclei to our line-ofsight. Chiaberge et al. (2002a) found that the nuclei of FR II LIGs lie on the FRI radio-optical correlation. The sample of FR II LIGs available in this work is substantially larger than the sample those authors considered, both because of the increasing number of FR II LIG identifications and of the larger sample size. This allows us to establish the presence of a correlation between the radio and the NIR emission within the sample of FR II LIGs itself. An important result is that the correlations for FR Is and FR II LIGs are statistically indistinguishable. This strengthens the hypothesis that the LIGs are FR II galaxies with FR I-like nuclei. Such a nuclear similarity implies that non-thermal synchrotron radiation (e.g., from a relativistic jet) dominates their nuclear emission in NIR band and that accretion may occur with a radiatively inefficient process and/or at low accretion rates in 
FR II: Low Ionization Galaxies LIG
FR II LIGs as well.
The large fraction of FR II LIGs in our sample (∼33% of the FR IIs) proves that these objects are not rare exceptions in the FR II class. This class of objects show nuclear properties similar to those of FR Is, whereas their radio morphologies span the range from classical double to X-shaped, and from compact source to Fat Double (FD). The FD morphology (Owen & Laing 1989) consists of a FR II radio structure with elongated and diffuse lobes and sometimes with prominent jets, and may be considered as an intermediate class between FR Is and FR IIs. At least half of the FR II LIG sample show a FD radio morphology. The large variety of extended radio morphologies associated with a central LIG-like AGN makes it difficult to understand how the properties of the core and extended radio structures are related (e.g. Bicknell 1984 Bicknell , 1994 Gopal-Krishna & Wiita 2001) . The existence of FR II LIGs as a class shows that radiatively inefficient accretion disks are able to produce jets that give rise to the typical large scale FR II morphology. Another possibility is that FR II LIGs constitute an evolutionary (or transient) state of the life of the FR II class. However, the environment of FR II LIGs is different from that of other classes of FR IIs, as FR II LIGs are predominantly found in dense groups or clusters (Chiaberge et al. 2000a; Hardcastle 2004) . That seems to rule out the evolutionary scenario.
The lower detection rate of FR II LIG nuclei with respect to that of FR Is is most likely due to the reduced contrast between their faint IR nuclei and the surrounding stellar emission of the host galaxy, because of the higher redshift of FR II LIGs as compared to that of FR Is. In fact, the fraction of detected FR II LIG nuclei decreases as redshift increases, from 55 % for z<0.15 to 29 % for z>0.15. However, at this stage we cannot rule out that the presence of significant obscuration along the line of sight to the FR II LIGs with non-detected nuclei might also contribute to the reduce the fraction of detected FR II LIG nuclei. The best way to probe obscuration in FR II LIGs is through X-ray spectral analysis. FR II LIGs indeed seem to lack significant absorbing column densities, N H ∼ 10 23 cm −2 (Hardcastle et al. 2006 ). The fact that the central engines of FR II LIGs and FR Is are similar (i.e., they are both unobscured and lack a significant broad line region) has important bearings for the unification schemes. As pointed out by Laing et al. (1994) , the broad distribution in core-dominance is consistent with FR II LIGs being a randomly oriented sample. Since FR II LIGs also appear to lack significant broad emission lines, when observed along the jet axis, these objects would appear as BL Lacs, in agreement with Chiaberge et al. (2000b) in light of their findings in the optical band. Such a unification scenario, which was previously explored by Jackson & Wall (1999) based on the optical spectral properties of FR II LIGs, is in apparent contrast with zeroth order unification scheme which associates all FR II with quasars. However, besides being in agreement with our results, it may also account for the presence of BL Lacs with an FR II morphology.
Nevertheless, FR II LIGs do show some differences with respect to FR Is. In fact, as shown in Fig. 7 , FR II LIGs and FR Is have slightly different radio-IR broadband spectral indices. If FR II LIGs are indeed the counterparts of BL Lacs with FR II radio morphology, the spectral index discrepancy can be explained in the framework of the so-called "blazar sequence" (Fossati et al. 1998) . Such a scenario predicts a smooth transition in the properties of blazars' spectral energy distribution (SED). In blazars, the synchrotron emission peak is observed to shift towards lower frequencies as the radio luminosity at 5 GHz increases. The luminosity of the synchrotron emission peak also increases following the same trend. This gives rise to a sequence having high energy peaked BL Lacs at the lowest luminosities, low energy peaked BL Lacs at intermediate luminosities, and flat spectrum radio quasars at the highest bolometric powers. In Fig. 9 we schematically show what the effect of such a scenario on the broad band spectral indices would be. As the peak in the SED shifts towards lower frequencies, α r−IR steepens. Therefore, the steeper spectral indices we found in FR II LIGs might be explained in terms of a slightly higher 5GHz core luminosity with respect to that of FR Is. FR II LIGs would thus correspond to intermediate power blazars such as the low-energy peaked BL Lacs.
The possibility that, conversely, the change in α r−IR is due to the redshift of the SED for the more distant objects can be excluded using the formula presented by Trussoni et al. (2003) . The formula, originally derived for estimating the effect of relativistic beaming, can be used to to account for the effect of redshift on the broadband spectral indices, by substituting R δ , the ratio of the beaming factors, with (1 + z). The variation in the radio-infrared spectral due to the frequency shift for an object at z∼0 moved to z=0.3 is only ∆α r−IR ∼ 0.02, a correction that has a negligible effect on the results. (Fossati et al. 1998 ). In the three blazars, the synchrotron emission peak shifts towards lower frequencies as the radio luminosity at 5 GHz increases, which also corresponds to a higher luminosity of the synchrotron emission peak. The dashed lines represent the radio-infrared spectral indeces of each SED. As the peak in the SED shifts towards lower frequencies, α r−IR steepens.
FR II: Broad Line Objects BLO
According to the standard unification scheme, the BLOs are objects where the nuclear region is unobscured along our line of sight (e.g. Barthel 1989; Antonucci & Ulvestad 1985) . This idea is supported by the fact that all the NIR nuclei are detected for BLOs.
The BLOs show a strong NIR excess, of up to two orders of magnitude in luminosity, with respect to the correlation defined by the FR I (and FR II LIG) radioinfrared nuclei (Fig. 5, right panel) . A similar excess was already found in the optical band by Chiaberge et al. (2002a) interpreted that as thermal emission from the accretion disk.
Let us now explore the origin of their NIR nuclear light. The infrared-optical spectral index for BLOs covers the range α IR−o ∼ 0 -2 (with the exception of 3C 111 for which α IR−o = 3.3). Such a large range might result from a wide distribution of spectral indices (see Fig. 11 in Elvis et al. 1994) . In addition, variability may smear the intrinsic distribution. Therefore we consider the median value α IR−o = 0.95. This value indicates that the Spectral Energy Distribution (SED) of BLOs is essentially flat in a νL ν representation.
To better investigate the origin of NIR emission in the BLOs of our sample we compare their properties with those of the radio-loud QSOs (RLQSO) from Elvis et al. (1994) . As demonstrated by those authors, the averaged SED of QSOs shows a minimum at ∼1µm. For wavelengths shorter than 1µm the light is likely to be dominated by the accretion disk (i.e., the big blue bump), while for longer wavelengths a broad peak is observed, which is interpreted as emission from hot dust. The flat spectral index of BLOs is an indication that, on average, the optical and NIR HST observations are located on opposite sides of the SED minimum. Therefore, by analogy with RLQSOs, we then conclude that in most 3CR/BLOs the H band light is mainly produced by the high temperature tail of the hot dust emission, located at the inner face of the obscuring material.
We estimate a spectral index of α IR−o = 0.35 from the averaged SED of RLQSOs after adopting the mean redshift of BLOs (z = 0.14). The difference of the spectral indices between RLQSOs and BLOs can be accounted by an NIR/optical flux ratio of the BLOs larger by a factor ∼2 than that of RLQSOs. This is an indication of a relatively larger contribution from the dust in infrared emission of BLOs than that observed in RLQSOs. Furthermore, reminding the reader that the RLQSO have optical and NIR luminosities a factor of 100-1000 higher than those of the 3CR/BLOs, there is a dependence of the optical-infrared spectral index on the luminosity of the object.
5.4. FR II: High Ionization Galaxies HIG At odds with the results found for FR II LIGs and FR Is, the NIR emission of HIG nuclei does not correlate with the radio cores. Furthermore, most of the detected nuclei exceeds the emission of FR Is and FR II LIGs at a given radio-core luminosity, suggesting an additional component dominating over the jet emission, similar to what we found for the BLOs.
However, HIG nuclei are substantially fainter than those of the BLOs, on average by a factor of 50. This is expected in a standard unification scheme, since the HIGs are considered to be the obscured counter parts of BLOs. This result indicates that substantial obscuration is still present in the NIR, despite the reduced effects of dust in the H band.
In order to investigate the origin of NIR emission in HIGs, we follow the method described by Marchesini et al. (2005) who studied a complete subsample of the 3CR radio catalog, which includes all HIGs with z < 0.3, observed in K ′ band from the ground. They first estimated the ionizing luminosity, Rawlings & Saunders 1991) for HIGs and BLOs assuming the same covering factor for the two classes, C = 0.01. Then, for each source, Marchesini et al. (2005) plotted L ion /L IR against L o /L IR , which are both sensitive to nuclear obscuration. They found that HIGs do not follow the 'reddening line' (see caption of Fig. 10 ) in such a plane, as one might expect if they were simply "partially obscured" BLO nuclei. This lead them to conclude that a substantial role is played by scattered nuclear light.
With respect to Marchesini et al. (2005) our analysis can rely on direct measurements of the NIR nuclei and these are available for a larger number of HIG, due to better sensitivity of the HST images to faint IR nuclei. Furthermore, we also have NIR data for the nuclei of BLO, thus providing a more robust estimate of the location of unreddened sources.
In agreement with the results Marchesini et al. (2005) we found that only a few HIGs are located along the reddening line in Fig. 10 but this is clearly not the case for the whole population.
We then include the effects of scattered nuclear light. In this scenario a dusty torus attenuates the direct nuclear light by an extinction A V,torus and a fraction f of the total nuclear light L IR is scattered into our line of sight (see Eq. 3 and in Marchesini et al. 2005) . The effects of varying A V,torus is as follows: an increase of the nuclear obscuration simply corresponds to an increase of 
initially, an increase of the absorption moves the point (starting from the average location of BLO) to the right, along the reddening line. At larger values of A V,torus the direct (transmitted) optical light becomes fainter than the scattered component, while the infrared nucleus is still substantially unaltered. At even higher values of A V,torus , the infrared transmitted component starts to decrease; since the scattered optical component remains constant this causes an increase of L O /L IR , producing a turnover in the source path. The track ends at the same ratio of L o /L IR found for BLOs, but shifted downward by a factor linked to A V,torus . The location of the turnover instead depends on the fraction of scattered light f , moving to smaller L o /L IR and to larger L ion /νL IR with decreasing f .
Because both the IR and the optical emission is most likely variable, therefore non-simultaneous measurements may lead to large errors in the estimate of the intrinsic L O /L IR . Nevertheless, this does not compromise the analysis: while a handful HIGs can be interpreted with being purely obscured BLOs, most of them (approximately 3/4 of the sample) require obscuration as well as scattered light, in the range of 10<A V,torus <30 and 0.02%< f <10% respectively. This agrees with the general results of Marchesini et al. (2005) (they derived a fraction of ∼70%) and also considering HIGs on a objectby-object basis.
Our analysis of the brightness profiles of the 3CR sources always assumed that the nuclear NIR components are unresolved. While for the other classes of 3CR galaxies the nuclear sources are directly associated with the AGN (and thus effectively point-like at our resolution), for HIGs our results suggest that they are in general dominated by scattered light, a spatially resolved component. This is confirmed by several observations of imaging polarimetry and spectropolarimetry of radio-galaxies (e.g. Tadhunter et al. 2000; Ramirez et al. 2009 ). We then re-modeled the observed NIR brightness profiles taking into account the possibility that the central HIG sources are actually resolved and can be described by a gaussian light distribution. We considered in detail the three objects (3C 234 10 , 3C 300, and 3C 349) that should have the larger scattered light fraction, being located closer to the grid origin in Fig. 10 . For sizes larger than ∼ 0.
′′ 1 significant residuals start to appear in the model fitting and we consider this value as an upper limit to the size of the scattering region. This corresponds to a range of 300-400 pc for these three objects, consistent with the size of the Seyfert polar scattering zone. This does not mean that there is no scattered light outside this region (as in e.g. 3C 321, Hurt et al. 1999 ), but it must be taken as an indication that the bulk of scattering occurs within this scale. The presence of low surface brightness scattered components (in contrast to the host galaxy) can only be probed with imaging polarimetry.
We conclude that HIG, unlike FR II LIGs, are consistent with the interpretation that they host a hidden quasar, but they are not simply partially obscured BLO. Scattered light must provide a substantial contribution to their nuclei in both the optical and NIR bands.
SUMMARY AND CONCLUSIONS
We have analyzed 1.6 µm near infrared images of 100 3CR radio galaxies from HST NICMOS in the F160W band with z < 0.3, ∼90% of the whole 3CR sample. On the basis of the radio morphology we divided the sample between FR I and FR II and from the point of view of their optical spectra we also classified them as Low Ionization Galaxies (LIG), High Ionization Galaxies (HIG), and Broad Line Objects (BLO).
We measured the nuclear NIR luminosity of all the objects, by subtracting the 1-D radial brightness profile (modeled with a Sérsic or core-Sérsic law representing the galaxy emission) from the total profile derived from the isophote fitting of the images.
The NIR nuclear emission is found to be strongly correlated with radio cores for FR Is. The linear correlation extends over ∼ 4 dex in luminosity with a rms of 0.4 dex and it has slope consistent with unity, as already found for the relations with optical and X-ray nuclei. This correlation provides further support to the identification of their nuclear emission as the synchrotron radiation produced in the inner part of the relativistic jet. In turn this implies a low contribution from thermal emission, an indication for the presence of radiatively inefficient disks. The similar dispersions for the correlations in NIR and in optical with the radio cores ascribes to the nuclear variability the dominant role of this scatter, rather than to obscuration.
The large number of FR II LIGs present in this sample made possible for the first time a detailed analysis their nuclear properties in radio-infrared plane. We found a strong linear correlation between radio and NIR emission. The multiwavelength properties of FR II LIG nuclei are statistically indistinguishable from those of FR Is, indicating a common structure of the central engine, despite the difference in radio morphology and radio power. The similar nuclear properties suggest that the nuclei of FR II LIGs belong to the same class of those of FR Is, i.e., the nucleus is dominated by non-thermal emission from a relativistic jet.
All BLOs have detected NIR nuclei and show an NIR excess with respect to the FR I-FR II LIG radio-infrared correlation. This excess does not correlate with the radio cores, suggesting the presence of an additional infrared emitting component. In analogy with the properties of radio-quiet QSO, their optical nuclei most likely originate from the thermal emission of the accretion disk. Since their optical-infrared spectral indices are essentially flat, this suggests that thermal infrared emission from hot dust dominates in the NIR.
The origin of the NIR nuclei of HIGs is more complex. Although a few HIG nuclei lie on the FR I-FR II LIG radio-infrared correlation, most of them show a large NIR excess which does not correlate with the radio cores. This means that synchrotron emission from the jet base is not sufficient to explain their nuclear luminosities. Nonetheless, the HIG NIR nuclei are less luminous than those of BLOs, by a factor of 50 on average, suggesting partial obscuration, as expected by the unified model. Yet the infrared-optical luminosity ratios for HIGs are not consistent with a model of HIGs as the purely-obscured counterpart of the BLOs. We found that this inconsistency can be solved by including a significant contribution from nuclear light reflected in a compact circumnuclear scattering region. The sources which show the largest scattered light contribution, have a scatter region of 300-400 pc (∼ 0.
′′ 1). The analysis of the properties of the NIR nuclear sources of 3CR radio-galaxies presented here broadly confirms the indications derived from the study of the optical nuclei. In particular, the presence of two classes of radio-loud AGN, LIG and HIG, with different nuclear properties is strengthened. FR I radio-galaxies as well as the sub-population of sources with FR II morphology characterized by a low ionization optical spectrum belong to the same class from the nuclear point of view. In these sources the mechanism of emission related to the presence of non-thermal plasma from their radio-jets dominates over the contribution from thermal radiation related to the accretion process. Moving from optical to infrared observations has no substantial effect despite the reduced absorption at longer observing wavelengths. However the NIR band is not the optimal band to investigate the issue of obscuring tori. The data preseneted here leave the results based on optical observations unchanged, bearing in mind that for most of FR Is we have a clear view to their optical/infrared nucleus. While MIR Spitzer spectra (Leipski et al. 2009 ) obtained with a large slit size (10.7 ′′ ) do show an infrared excess with respect to the jet emission in three FR I sources (and in one FR II LIG), our results on 3CR sample do not directly require the presence of dusty torus on the line of sight to the FR I nucleus. Furthermore, although Leipski et al. (2009) argue that the dust emission is powered the nucleus, the comparison between MIR spectra and HST data is extremely difficult because of the different spatial resolution of the two instruments. On the other hand, at this stage we cannot rule out the presence of a dusty torus in these objects because of the higher distance of the FR II LIGs than that of FR Is. Despite the lack of such information, the nuclear properties of FR II LIG nuclei are found to be statistically indistinguishable from those of FR Is. How all the sources of the FR I/FR II LIG group can be associated with such a large range of radio power, while still maintaining their disks in radiatively inefficient state, and what causes the transition to the FR II morphology in LIGs remain open questions.
The NIR data provide new insights also for the second class of objects, formed by HIGs and BLOs. The BLO NIR nuclei are likely to be dominated by the emission from hot dust located in the immediate vicinity of the active nucleus. In HIG we found many examples of nuclei in which the NIR emission is substantially larger than in the optical. Due to the proximity of the two bands, the only mechanism that can explain this effect is the presence of nuclear structures covered by absorbing material, optically thin at least in the infrared. Scattered light must provide a substantial contribution to their nuclei in both the optical and NIR bands. The lack of broad emission line in HIGs is universally associated with a substantially decreased luminosity of their nuclei in the infrared band and to a different angle of sight to the nucleus. This implies that obscuration still plays a substantial role.
The detailed comparison of radio, optical, and infrared data for the 3CR sample also shows that the differences in the relative contribution in these bands, on a objectby-object basis, is dominated by variability and not by absorption. Thus, only simultaneous nuclear data would allow us to explore intrinsic differences among the sources of the sample. The lack of such data effectively hampers the use of the nuclear Spectral Energy Distribution to enlighten how they vary with e.g., source power and viewing angle. R.D.B. acknowledges the financial support (HST-GO-11219.07-A grant) from Space Telescope Science Institute, Baltimore. We are grateful to the referee, R. Antonucci for the extremely careful and detailed report which stimulated us and significantly contribuited to greatly improve the paper. We also thank G. K. Miley for useful comments.
APPENDIX
It is interesting to investigate the radio and NIR correlation for FR Is by considering radio data of higher angular resolution. To this aim, we take from the literature the fluxes at 5 GHz obtained with VLBI observations. The FR Is for which the VLBI radio data are available are listed in Table 5 . In Fig. 11 (left panel) we show the correlations in Note. -Table of the L V LBI -L IR planes. The linear correlation coefficient is r = 0.90 (P =4.1×10 −6 ). These values as well as the slope and the intercept of the derived correlations are essentially identical to those obtained with the VLA data. The reason of these similarities can be explained by looking at Fig. 11 (right panel) , which shows the VLA core flux of FR Is plotted vs. their VLBI flux. The figure clearly shows that the two measurements lead to very similar flux values. The dispersion is extremely small, with the exception of only two outliers (3C 84 and NGC 6251), for which the VLA flux is higher than that of VLBI by a factor of ∼ 2.5 and ∼ 12, respectively. However, since these two objects have a relatively high core dominance, they are likely to be observed at a small angle with respect to jet axis and thus they are more likely to be affected by flux variability. That might explain the larger discrepancy between the VLA and VLBI fluxes for these two sources with respect to the other FR Is. Summarizing, the correlation between the VLBI and the IR nuclear luminosity is statistically indistinguishable from that obtained using the VLA cores simply because the core fluxes measured with VLA and VLBI are only marginally different.
